Physiological costs of compensatory growth are poorly understood, yet may be the key components in explaining why growth rates are typically submaximal. Here we tested the hypothesized direct costs of compensatory growth in terms of oxidative stress. We assessed oxidative stress in a study where we generated compensatory growth in body mass by exposing larvae of the damselfly Lestes viridis to a transient starvation period followed by ad libitum food. Compensatory growth in the larval stage was associated with higher oxidative stress (as measured by induction of superoxide dismutase and catalase) in the adult stage. Our results challenge two traditional views of life-history theory. First, they indicate that age and mass at metamorphosis not necessarily completely translate larval stress into adult fitness and that the observed physiological cost may explain hidden carry-over effects. Second, they support the notion that costs of compensatory growth may be associated with free-radical-mediated trade-offs and not necessarily with resource-mediated trade-offs.
INTRODUCTION
Life-history traits are often plastic and understanding the limits to their plasticity is a challenge for evolutionary ecology (Roff 2002) . Plasticity in growth rate receives much attention as it directly links age and size at maturity, the two key life-history traits ( Nylin & Gotthard 1998) . One particularly intriguing and widespread form of rapid growth is compensatory growth where animals accelerate growth to catch up after a period of low growth, e.g. caused by food shortage (Metcalfe & Monaghan 2001) . Recently, Mangel & Munch (2005) hypothesized that an important cost of compensatory growth, and therefore also an evolutionary constraint on growth rate in general, is that growth leads to the accumulation of damage at the cellular level that is expressed at the level of the organism (see also . One such suggested cost of compensatory growth is oxidative damage due to reactive oxygen species (ROS; Mangel & Munch 2005) . ROS are the by-products of normal metabolic activities that damage key biomolecules like DNA, proteins and lipids ( Finkel & Holbrook 2000) .
Costs of compensatory growth in terms of oxidative damage can result from two non-exclusive mechanisms. First, compensatory growth may impair the antioxidant defence system making organisms more sensitive when challenged with oxidants. Second, compensatory growth may itself cause oxidative stress. When expressing rapid growth animals have high oxygen consumption ( Fischer et al. 2004; Stoks et al. 2006) . As higher oxygen consumption has been linked to greater ROS production (Loft et al. 1994) , the latter is a probable physiological cost of compensatory growth. Indirect support for the first mechanism is given by Blount et al. (2003) reporting that after a period of low-quality nutrition zebra finch showed lower lipophilic antioxidant levels suggesting that they assimilated less lipophilic antioxidants from the diet. Unfortunately, compensatory growth was not quantified here. Direct proof of the second mechanism, rapid (compensatory) growth leading to more oxidative stress, is absent, although growth rate and free-radical processes are causally linked by cellular transduction systems (Rollo 2002) . Crescenzo et al. (2006) showed compensatory growth in fat, but not in mass, after a period of semistarvation in rats, and a higher superoxide dismutase (SOD) activity (reflecting oxidative stress) in previously semi-starved rats after they were fed ad libitum again. However, in this study semi-starvation itself also increased SOD, making it hard to disentangle the costs of semistarvation and compensatory growth. Alonso-Alvarez et al. (2007) demonstrated a higher susceptibility to oxidative damage after compensatory growth in zebra finches when challenged with an oxidant, but could not disentangle both mechanisms as they assessed combined effects of the exogenous (oxidant) and endogenous (due to compensatory growth) sources of ROS. Therefore, we lack experimental studies explicitly demonstrating the second mechanism: an increase in oxidative stress as a direct (without external oxidative challenge) effect of compensatory growth.
We tested for oxidative stress induced by compensatory growth in larvae of the damselfly Lestes viridis after exposure to transient food shortage followed by ad libitum food. To disentangle the costs of food shortage and compensatory growth, we measured oxidative stress at several key moments: before and after the period of starvation, just before emergence and after emergence. The measurement directly after starvation allows evaluating the effect of starvation without interference by compensatory growth. Any successive change in the oxidative stress levels after starvation can then be attributed to compensatory growth. To quantify oxidative stress, we measured the activity of the two key enzymes in insects involved in the defence against two important ROS: superoxide anions and hydrogen peroxide. SOD is the enzyme that dismutates superoxide anions to hydrogen peroxide. This ROS is normally dismutated to water through two enzymes, catalase (CAT) and glutathione peroxidase, of which the latter is less important in insects ( Felton & Summers 1995; Korsloot et al. 2004) . Therefore, we focused on SOD and CAT. Upon exposure to environmental stressors or when metabolism is increased, extra amounts of ROS may be generated, which can accumulate to toxic levels. Under oxidative stress, insects therefore show increased activities of SOD and CAT (e.g. Krishnan & Kodrik 2006; Mittapalli et al. 2007 ).
MATERIAL AND METHODS
Freshly hatched larvae were placed in groups of 10 in plastic containers (diameter 8 cm, height 5 cm). After 14 days, larvae were placed individually in 100 ml plastic cups. Throughout the experiment, larvae were kept in a room at 238C under natural photoperiod. Larvae were fed one portion of Artemia nauplii (mean 328 nauplii, s.e.m.Z36, nZ8) daily until they entered the final instar.
Larvae were randomly assigned to one out of the two starvation treatments when they entered the final instar. Starved larvae did not receive food for 8 days (Zstarvation period), while non-starved larvae received three chironomids daily. During the post-starvation period, all larvae received this daily portion of three chironomids. The post-starvation period ended when larvae stopped eating to prepare for emergence. This emergence period takes approximately 3 days (Stoks et al. 2006) . From a previous experiment with the same set-up, we know that larvae show compensatory growth in body mass during the post-starvation period, which results in full mass compensation at the end of the poststarvation period (Stoks et al. 2006) . We confirmed this growth pattern in the current experiment on a separate set of larvae not used for oxidative stress assessment, by measuring wet mass of 30 individuals of both the starvation treatments at the start (day 1) and the end (day 8) of the starvation period, and at the end of the post-starvation period and 1 day after emergence. Masses were taken to the nearest 0.01 mg when animals had empty guts (24 hours after the last feeding occasion). Daily growth rates were calculated per period (prestarvation, starvation, post-starvation and emergence period) as (ln(mass end )Kln(mass ini ))/(t end Kt ini ), where mass end and mass ini are larval masses (mg) at the final (t end ) and initial (t ini ) days of a given period, respectively. This measure of growth rate takes into account the exponential growth curves of Lestes damselfly larvae and is therefore independent of initial mass (Stoks & McPeek 2003) .
To monitor oxidative stress, we randomly selected animals of each starvation treatment at the same moments at which we measured wet mass. Animals were flash frozen in liquid nitrogen and kept at K808C prior to analysis. Both CAT and SOD were determined colorometrically. To avoid enzyme degradation, assays were run within three weeks. Each endpoint was assayed in duplicate during the same assay and the mean of the duplicate readings was taken as the measurement for that individual. The total number of animals assessed was 165 (figure 2). To quantify the activity of both antioxidant enzymes, each animal was homogenized in PBS (pH 7.4; 1/23 w/v) in a microcentrifuge tube while on ice. Samples were centrifuged at 1310g for 10 min at 48C. SOD activity was quantified closely following the protocol described in the SOD Assay Kit-WST (Fluka, Buchs, Austria), which measures the formation of a formazan dye upon reduction of the tetrazolium salt WST-1 with superoxide anions. We added 200 ml of WST working solution and 20 ml of enzyme working solution to 20 ml of the supernatant. This mixture was incubated for 20 min at 378C followed by reading the absorbance at 450 nm. SOD activity was expressed in units (U), where one unit of SOD is defined as the amount of sample causing 50% inhibition of the colorimetric reaction per mg protein. The activity of CAT was quantified following the protocol of Aebi (1984) . The supernatant was further diluted 16 times with PBS (pH 7.4). To 20 ml of the diluted supernatant, we added 80 ml of PBS (pH 7.4) and 100 ml of 20 mM H 2 O 2 . We measured the removal of H 2 O 2 as reduction in absorbance at 240 nm at 258C within 2 min. One unit of CAT was defined as the activity of the enzyme that catalysed the reduction of 1 mmol of H 2 O 2 per min per mg protein. Note that by expressing SOD and CAT in these units, we corrected for protein content. Intra-assay CVs for SOD and CAT were 4.2 and 3.6%, respectively.
Because we had repeated observations per larva for daily growth rates, age and body mass, we analysed the effects of the starvation treatment with repeated-measures ANOVAs (rm-ANOVAs) with starvation as between-subject variable and period as within-subject variable. Because there were no repeated readings per larva for the antioxidant enzymes and no starvation groups at the start of the starvation period, we analysed the physiological data in two steps. First, we tested for an effect of starvation on the proportional change in the activity of both SOD and CAT during the starvation period, calculated as ((activity at the end of the starvation period)K (mean activity at the start of the starvation period))/(mean activity at the start of the starvation period), with a MANOVA. Second, we tested for the effects of starvation and period (i.e. end starvation period, end post-starvation period, emergence) with a MANOVA (SOD and CAT activity were dependent variables). To meet ANOVA assumptions, CAT activity was log transformed. Sex was also tested in the models but was removed as a non-significant term (all pO0.34) except when analysing body mass. Initially, we included mass and age as covariates when analysing oxidative stress but excluded them as they were never significant (all pO0.08) and did not affect the significance of the main effects and their interaction in the MANOVA. Therefore, all effects on antioxidant enzymes were not affected by body mass and age at a given period. To interpret the effects, MANOVAs were followed by univariate ANOVAs. When the starvation treatment or its interaction with period was significant, we tested for the differences between means using Duncan's post hoc tests. For non-significant treatment effects, we report the 95% confidence interval (CI ) on the observed effect size (mean difference) as advocated by Steidl & Thomas (2001) .
RESULTS (a) Life history
Starvation affected daily growth rate in a time-dependent way (rm-ANOVA, starvation!period, F 3,174 Z5.56, pZ0.0012; figure 1a ). Daily growth rates did not differ between starvation treatments before starvation (ANOVA, F 1,58 Z0.70, pZ0.42, effect size CI (K0.0011,0.0028)). During the starvation period, starved larvae had much lower daily growth rates than non-starved larvae (ANOVA, F 1,58 Z161.41, p!0.0001). Previously starved larvae grew faster than non-starved larvae during the post-starvation period (F 1,58 Z24.99, p!0.0001) and tended to have more negative daily growth rates during the emergence period (F 1,58 Z3.55, pZ0.064, effect size CI (K0.002,0.065)).
At the start of the starvation period, mass did not differ between starvation treatments, but at the end of the starvation period mass was much lower in starved larvae (figure 1b). This mass difference had disappeared at the end of the post-starvation period, but re-appeared, although less pronounced, at emergence (rm-ANOVA, starvation! period, F 3,171 Z29.63, p!0.0001; ANOVA mass end poststarvation period, F 1,57 Z0.07, pZ0.80, effect size CI (K3.14,1.33); mass at emergence, F 1,57 Z4.54, pZ0.037).
At the start and the end of the starvation period, larvae did not differ in age, but previously starved larvae had an extended post-starvation period (rm-ANOVA, starvation!period, F 3,174 Z81.65, p!0.0001; ANOVA, end post-starvation period, F 1,58 Z36.86, p!0.0001; figure 1b). As a result, age at emergence was higher in previously starved larvae (F 1,58 Z32.14, p!0.0001).
(b) Oxidative stress
The proportional change in the activity of both antioxidant enzymes during the starvation period differed between starvation treatments (MANOVA: F 2,47 Z20.69, p!0.0001; SOD: F 1,48 Z35.66, p!0.0001; CAT: F 1,48 Z19.03, p!0.0001; figure 2). The activities of SOD and CAT decreased considerably in starved larvae, and less so (SOD) or not (CAT) in non-starved larvae. The starvation treatment affected both variables in a similar time-dependent way, also when correcting for age and mass (MANOVA, starvation!period, F 4, 266 figure 2 ). At the end of the starvation period, SOD and CAT were much lower in starved larvae compared with non-starved larvae (both p!0.0001; figure 2 ). During the poststarvation period, the levels remained constant in nonstarved larvae (both pO0.25, effect size CI SOD: (K6.60,5.33), CAT: (K0.26,0.07)) and drastically increased in previously starved larvae (both p!0.0001), resulting in higher activities in previously starved larvae at the end of the post-starvation period (both p!0.0001). During the emergence period, activities slightly increased in non-starved larvae (both p!0.025) and decreased (SOD, pZ0.0054) or remained constant (CAT, pZ0.71, effect size CI (K0.15,0.22)) in previously starved larvae. At emergence, SOD and CAT levels were higher in previously starved larvae (both p!0.030).
DISCUSSION
After reduced growth rates during the period of starvation, animals showed the expected increased growth rates, resulting in a full mass compensation during the larval stage. Compared with non-starved larvae, starved larvae had lower levels of SOD and CAT at the end of the starvation period. Similar effects of starvation have been reported in other invertebrates for SOD (e.g. Abele et al. 1998) and CAT (e.g. Sandrini et al. 2006) . Thereafter, the pattern in SOD and CAT levels switched with higher levels in previously starved larvae at the end of the poststarvation period. This is consistent with increased oxidative stress as a result of compensatory growth and not as a result of starvation. Note that these patterns were not affected by age and mass (see §2), and therefore cannot be explained by differences between treatment groups in age or mass at a given period. This temporal pattern in SOD and CAT can be explained by the lowered metabolism during starvation, followed by an increased metabolism in animals showing compensatory growth as suggested previously by associated changes in respiration rate in L. viridis (Stoks et al. 2006) . A higher respiration may generate a higher production of ROS (Loft et al. 1994) . More specifically, our data suggest that increased respiration as a result of compensatory growth increased the production of the superoxide anion, which was dismutated by the induced SOD levels to hydrogen peroxide. The subsequently raised hydrogen peroxide levels may have induced CAT levels and were converted to water. Two types of antioxidant enzyme induction by oxidative stress have been described: increased activity due to activation of a pre-existing pool of inactive enzyme and de novo synthesis of the enzyme (Rojas & Leopold 1996 and references therein). Alternatively, the higher SOD and CAT levels in previously starved larvae may reflect their higher antioxidant power. The decrease during starvation of these antioxidant enzymes, however, strongly suggests that these are costly. Therefore, it seems unlikely that previously starved larvae, which are relatively resource limited, show costly higher SOD and CAT levels unless they are forced to defend themselves against increased ROS production. Recently, Mangel & Munch (2005) argued that an important cost of compensatory growth, and therefore also an evolutionary constraint on growth rate in general, is that growth leads to the accumulation of damage at the cellular level that is expressed at the level of the organism (see also . An indication for a first mechanism linking compensatory growth to oxidative damage, namely through impaired antioxidant defences, was given by Alonso-Alvarez et al. (2007) . Our results complement those findings by providing the first evidence of the second mechanism, a direct (i.e. without external oxidant challenge) cost of compensatory growth in terms of oxidative stress. Interestingly, this cost seemed to persist after metamorphosis as SOD and CAT levels at emergence remained higher in animals that showed compensatory growth. Probably, these animals maintained a higher metabolism (see Fischer et al. 2004; Stoks et al. 2006) . For example, zebra finches reared in a large brood, hence at low food, showed higher metabolic rates when 1-year-old compared with those reared in a small brood ( Verhulst et al. 2006) . Higher ROS levels negatively affect several components of adult fitness in insects including fecundity and adult longevity (Ahmad 1992) . Note that, although our results provide proof that rapid compensatory growth induces ROS production, they do not allow us to identify whether the elevated levels of SOD and CAT were effective in offsetting higher oxidative damage.
Taken together, the observed cost of rapid compensatory growth in terms of increased oxidative stress (as indicated by induced levels of SOD and CAT) may contribute to explaining why animals typically do not grow at their maximal rates (Arendt 1997; Metcalfe & Monaghan 2001) . Furthermore, our results challenge two traditional views of life-history theory. First, life-history models typically assume that only age and mass at metamorphosis are optimized and translate larval stressors to adult fitness (e.g. Rowe & Ludwig 1991) , and therefore are good proxies for adult fitness. Yet, the here-identified physiological cost of rapid growth after starvation remained in the adult stage, and this is independent of age and mass at emergence. Therefore, oxidative stress may contribute to hidden carryover effects bridging metamorphosis (De Block & Stoks 2005) . Second, a greater ROS production as suggested by our results may explain many of the observed costs of compensatory growth, which are typically thought of in terms of a trade-off in energy allocation (see also Alonso-Alvarez et al. 2004) . Note that, in contrast, under the first mechanism, where the antioxidant defence system is impaired due to compensatory growth, energy allocation away from investment in antioxidant defence may still play a role. Our results are linked for example with the free-radical theory of ageing, stating that a higher metabolism will result in a greater production of ROS and hence a shorter lifespan (Finkel & Holbrook 2000) . Interestingly, a reduced lifespan after compensatory growth has been observed (Metcalfe & Monaghan 2001) . Also, other costs of compensatory growth like reduced swimming performance (Metcalfe & Monaghan 2001 ) and the recently reported impaired learning capabilities (Fisher et al. 2006 ) may be due to oxidative damage to cells and tissues. For example, oxidative stress can cause neurodegeneration and disruption in signalling processes in brain tissue, thereby inducing cognitive decline (Droge & Schipper 2007) . Future studies on compensatory growth should therefore benefit from unravelling direct links between induced oxidative stress and these other more typically studied costs.
